We report the high-resolution angle-resolved photoemission spectroscopy studies of electronic structure of EuFe2As2. The paramagnetic state data are found to be consistent with densityfunctional calculations. In the antiferromagnetic ordering state of Fe, our results show that the band splitting, folding, and hybridization evolve with temperature, which cannot be explained by a simple folding picture. Detailed measurements reveal that a tiny electron Fermi pocket and a tiny hole pocket are formed near (π, π) in the (0, 0)-(π, π) direction, which qualitatively agree with the results of quantum oscillations, considering kz variation in Fermi surface. Furthermore, no noticeable change within the energy resolution is observed across the antiferromagnetic transition of Eu 2+ ordering, suggesting weak coupling between Eu sublattice and FeAs sublattice.
I. INTRODUCTION
The discovery of superconductivity with transition temperatures up to the record of 56 K in iron-based superconductors has generated intensive research on this new class of high-temperature superconductors. [1] [2] [3] [4] [5] The parent compounds of these superconductors often exhibit a ground state of the spin density wave (SDW) ordering of the Fe moments. 6 Like the cuprates, upon proper doping, superconductivity emerges while the magnetic order is suppressed. [7] [8] [9] [10] [11] [12] [13] In the underdoped regime of certain iron pnictides, superconductivity may even coexist with SDW, 14, 15 which once again highlights the intimate relation between superconductivity and magnetism in such unconventional superconductors.
Numerous studies have been devoted to elucidate the nature of the SDW in iron pnictides. In angleresolved photoemission spectroscopy (ARPES) studies of BaFe 2 As 2 and SrFe 2 As 2 , exotic band splittings were observed, [15] [16] [17] [18] which were suggested to be related with the local moments, and responsible for the SDW transition. [15] [16] [17] However, some other studies, including ARPES, optical measurements, and quantum oscillation measurements, support the conventional Fermi surface nesting mechanism of SDW. [19] [20] [21] [22] Alternatively, a picture that involves both local and itinerant elements was suggested. [23] [24] [25] So far, a full understanding of the SDW in iron pnictides is still missing.
EuFe 2 As 2 is special in the so-called "122" series (AFe 2 As 2 , with A=Ba, Ca, Sr, or Eu, etc.) of iron pnictides, because it contains large local moments of Eu 2+ ions (∼6.8 µ B ) on A site. 26 Aside from the SDW/structural transition at T S =188 K, another transition at T N =20 K has been found which is associated with an A type antiferromagnetic ordering of Eu 2+ ions (see Fig. 1 ).
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To reach a comprehensive picture of the complex electronic structure in the SDW state of iron pnictides, and reveal the manifestation of various magnetic orderings on the electronic structure, we have performed the ARPES measurements of EuFe 2 As 2 single crystals. Two hole Fermi pockets around (0, 0) and two electron pockets around (π, π) are observed in the high-temperature paramagnetic (PM) state. In the SDW state, band splitting, folding, and hybridization are found to evolve with temperature. Detailed measurements reveal that the two small Fermi pockets symmetric about (π, π) in the (0, 0)-(π, π) direction are electronlike and holelike, respectively. This asymmetric electronic structure has not yet been reported in ARPES studies of iron pnictides, but is consistent with the quantum oscillation results by considering the different k z s for the two small pockets. 21, 22 The drastic changes in electronic structure, i.e., the band splitting and the band shift, cannot be explained by a simple folding picture. In agreement with several studies by dif- ferent techniques, 26, 30, 31 no noticeable change in ARPES measurement is found across the antiferromagnetic transition of Eu 2+ ordering.
II. EXPERIMENT
High quality EuFe 2 As 2 single crystals were synthesized by self-flux method, and more details can be found in Ref. 27 . Its stoichiometry was confirmed by energy dispersive x-ray (EDX) analysis. ARPES measurements were performed with randomly polarized 21.2 eV photons from a helium discharge lamp and with circularly polarized synchrotron light from Beamline 9 of Hiroshima synchrotron radiation center (HSRC). Scienta R4000 electron analyzers are equipped in both setups. The overall energy resolution is 9 meV, and angular resolution is 0.3
• . The samples were cleaved in situ, and measured in ultra- high vacuum below 4×10 −11 mbar. All data reported here were taken within 4 h after cleaving to minimize the aging effect. The high quality sample surface is confirmed by a clear pattern of low-energy electron diffraction (LEED). Most data presented here were taken with the helium discharge lamp unless otherwise specified.
III. RESULTS AND DISCUSSIONS
The electronic structure in the paramagnetic state is shown in Fig. 2 , which is similar to other 122 compounds reported by ARPES measurements. Although the band bottom of γ is not resolved in the data, it may reach about 200 meV below the Fermi energy (E F ) by following its energy dispersion. In the second derivative data with respect to energy [ Fig. 2(b) ], the feature of γ is not resolved due to the large Fermi velocity. Nonetheless, there is another weak electronlike feature (δ) near (π, π) with smaller Fermi velocity and with band bottom at about 40-50 meV. Along (2π, 0)- Fig. 2(d) ], a parabolic electronlike band is observed with the band bottom at 45 meV below E F , which should be assigned to δ according to the position of the band bottom. Notice that photoemission intensity of the δ band is much less than that of γ along (0, 0)-(π, π), but this is reversed away from (0, 0)-(π, π), most likely caused by matrix element effects.
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The resulting Fermi surfaces are depicted in Fig. 2(f) , which consist of two hole pockets around (0, 0), an elongated elliptical electron pocket around (π, π), and some Fermi crossings of γ around (π, π). Here the γ Fermi crossings may be originated from the second electron pocket which has been reported before in BaFe 2 As 2 and SrFe 2 As 2 , 19,32 although its complete shape cannot be determined from our data, likely due to matrix element effects. The measured Fermi surface topology, especially around (π, π), is in agreement with theoretical calculations for 122 compounds, Comparing with the paramagnetic band structure, the γ band does not change along (0, 0)-(π, π). However, α splits into α 1 and α 2 in the SDW state. In addition, the δ band hybridizes with β, and a folded band (δ ′ ) of δ appears around (0, 0). Moreover, the feature around (π, π) below E F in the paramagnetic state splits into two inverted parabolic bands in the SDW state [as denoted by the bracket in Fig. 3(a) ], which are likely to be the dispersions from the split α 1 and α 2 bands. Along (0, 0)-(0, π), α 1 and α 2 are nearly degenerate, and folding is not resolved in this direction. α 1 , α 2 , β, and δ ′ around (0, 0), and γ around (π, π) are identified to cross E F by examining the MDCs in Figs. 3(c) and 3(e) . As a result, the Fermi surface around (0, 0) consists of three hole Fermi pockets and a folded electron Fermi pocket. Again similar to the paramagnetic state, γ is not observable away from (0, 0)-(π, π) due to the possible matrix element effects. As observed in the SDW state Fermi surface [ Fig. 3(f) ], a distinctive difference from the paramagnetic state Fermi surface is that two "bright spots" appear in the (0, 0)-(π, π) direction near (π, π) . As shown in Fig. 3(a) , the hybridization of δ and β results in a possible small electron band whose bottom is barely below E F , and gives a "bright spot" (the σ 1 pocket) in the photoemission intensity map of the first BZ, which shall be given a zoom-in in Fig. 5 . Thereby, no gap is found at E F in the electronic structure. Note that the σ bands are a result of the hybridization between the δ and β bands. However, the γ band appears to cross the σ bands without any sign of hybridization. This is most likely due to their different symmetries with respect to certain mirror plane, as illustrated in Ref. 37 for the BaFe 1.85 Co 0.15 As 2 in the paramagnetic state, where the γ band shows up only in π-polarized geometry while the δ and β bands show up only in the σ-polarized geometry. Therefore the δ and β bands are both of odd symmetry, and thus the σ band from their hybridization may also be odd. On the other hand, the γ band is even. The opposite symmetries of γ and σ could result in the observed absence of hybridization here, assuming the symmetry properties of the bands are preserved in this series of iron pnictides.
The evolution of electronic structure with temperature is illustrated in Fig. 4 . As the temperature decreases from T S , the β band appears to be symmetric with respect to the midway of (0, 0)-(−π, π) (the BZ boundary of the SDW state) due to the magnetic ordering in the SDW state. Nevertheless, the β band becomes asymmetric as the temperature is further lowered to 22 K, since this band hybridizes with δ and therefore does not cross E F . This hybridization strengthens with decreasing temperature [ Fig. 4(a) ]. On the other hand, the β band crosses the folded band δ ′ with much weaker hybridization near the (0, 0) point. As observed before in other 122 systems, 15-18 the band splitting is observed in this material as well. From the paramagnetic state to SDW state, the α band near (0, 0) and the inverted parabolic band near (π, π) split into α 1 , α 2 and two inverted parabolic bands correspondingly. The remarkable temperature dependence of the two inverted parabolic bands is shown in Fig. 4(b) , where single energy distribution curves (EDCs) at the (π, π) point are stacked. At 22 K, the two peaks are at 70 and 95 meV below E F , respectively, which correspond to the band tops of the two inverted parabolic bands. Both bands move toward E F with increasing temperature, and merge into one broad feature in the paramagnetic state. When two features are distinguishable, their separation decreases slightly with increasing temperature. If considering a simple folding picture as suggested in Ref. 19 , it cannot reproduce the complex band structure in the SDW state, especially inadequate to explain the splitting and shift of bands.
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Therefore, local exchange interactions are suggested to be included to explain the electronic structure.
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To further investigate the nature of the "bright spots", a cut perpendicular to (0, 0)-(π, π) and across the σ 1 pocket is measured as indicated by cut 3 in Fig. 3(f) . In data taken at 22 K [Figs. 5(a) and 5(b)], a hump is observed near E F around k 110 =0, indicating most probably a small electron pocket. To further elucidate this, additional data were taken at higher temperature (175 K) but still in the SDW state and shown in Figs. 5(c) and 5(d). markers indicate the dispersion of the electron band. The separated two peaks above E F merge into a single peak slightly below E F , indicating that this electron band indeed crosses E F .
Similarly, data were taken along a cut through the "bright spot" near (π, π) outside the first BZ [cut 4 indicated in Fig. 3(f) ]. Interestingly, a dispersion that gives a hole Fermi pocket is observed in the spectrum image plot, EDCs, and MDCs [Figs. 5(e)-5(g)]. These results indicate that the two small pockets symmetric about (π, π) are electronlike and holelike respectively. This asymmetric electronic structure can be understood by realizing the k z variation in the Fermi surface. Figure 5 (h) presents a 3D SDW folded BZ, and Fig. 5(i) shows the corresponding SDW BZ together with the paramagnetic BZ in the k 110 k z plane. Along the in-plane k 110 direction, Fermi surfaces are depicted in Fig. 5(i) that pairs of small electron and hole pockets are symmetric about Γ and Z, respectively, whereas a dashed curve is a schematic constant energy cut through an electron pocket and a hole pocket near (π, π). This scenario naturally explains our result, and is in qualitative agreement with quantum oscillations of 122 compounds, which indicate the existence of small electron and hole Fermi pockets aligned along k z .
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The estimated Luttinger volume of the α 1 , α 2 , and β Fermi pockets near (0, 0) are 1.7%, 3.6%, and 9.5% of the paramagnetic BZ, respectively. The tiny σ 1 and σ 2 pockets near (π, π) both comprise less than 0.5% of the paramagnetic BZ. These results agree well with the quantum oscillation measurements for the small Fermi pockets (α 1 , σ 1 , and σ 2 ). However, quantum oscillations did not find the large Fermi surfaces (α 2 and β). This might be due to the fact that the electrons could not finish circulating the large pocket before they are scattered by impurities.
To understand the detailed electronic structure evolution near (π, π), a series of the second derivative image plots are presented in Fig. 6(b) . Away from cut 6, the two M -like features move toward the higher energies and become blurred. Features at E F are only visible near the two "bright spots". Although the Fermi surface mapping shows patch-like features near (π, π) other than the two "bright spots" [ Fig. 6(a) ], the patch is just remnant spectral weight from bands below E F . As shown in cuts 5 and 5-7 of Fig. 6(b) , the maxima of two M -like features are below E F , therefore these features do not cross E F . Similar to the observations made in BaFe 2 As 2 , 17,18 it is observed that the electronic structure shows saddle-surfacelike features near (π, π) below E F , as seen in Fig. 3(a) and cut 6 in Fig. 6(b) . Band tops of the two inverted parabolic bands coincide with band bottoms of the two parabolic bands, therefore they are the same bands split from the paramagnetic bands. Unlike the presence of the γ band along (0, 0)-(π, π) in Fig. 3(a) , it is absent along the direction perpendicular to (0, 0)-(π, π) [cuts 5-7 in Fig. 6(b) ]. However, it is observed in a similar direction measured with 10 eV synchrotron light [ Fig. 7(b) ]. Therefore it is indeed a manifestation of matrix element effects that little photoemission intensity of γ is detected away from (0, 0)-(π, π) under the experimental setup of helium lamp.
Since the Eu 2+ ions in EuFe 2 As 2 undergo an antiferromagnetic transition at a Neel temperature of T N =20 K, it is thus straightforward to investigate the electronic structure below and above this transition. Figures 7(b) and 7(c) present the photoemission intensities and the corresponding second derivative around (π, π) taken at 7 K with 10 eV photons. The γ band and two M -like bands are clearly observed. The band bottoms of the M -like bands are situated at the same energies as those measured with 21.2 eV photons. Since the ARPES spectra are much more bulk sensitive when measured with 10 eV photons, the match between 21.2 eV data and 10 eV data suggests that the shift and splitting of the two parabolic (or inverted) bands near (π, π) are not just surface effect, but reflecting bulk properties. Figures 7(d) and 7(e) show the EDCs around (0, 0) and (π, π), respectively, both below and above T N . Across T N , no observable change except the thermal broadening has been observed within the accuracy allowed by the energy resolution of 8 meV. In Ref. 27 , it was found that the A-type antifer- romagnetism can be converted to ferromagnetism with a magnetic field as small as 1.5 T and the inter-layer coupling was estimated to be 0.46-0.69 meV, which is one order of magnitude lower than our resolution. This shows that the electronic structure near E F is not altered noticeably by the ordering of the Eu 2+ moments; on the other hand, even if there were certain subtle effects of the magnetism, they cannot be easily detected in our ARPES measurements, as limited by the current energy resolution. Nonetheless, magnetism or fluctuations may play an important role to mediate superconductivity, noting that Eu 1−x La x Fe 2 As 2 is not superconducting, 27 while Eu 1−x K x Fe 2 As 2 is superconducting where longrange magnetic ordering is killed.
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IV. CONCLUSION
In conclusion, we have presented in detail the electronic structure of EuFe 2 As 2 both in the paramagnetic state, the SDW state, and the antiferromagnetically ordered state of the Eu 2+ moments. The temperature evolution of the band dispersion across T S reveals that the band folding and splitting are established in the SDW state. The folded band β hybridizes with δ and the hybridization gap opens as the temperature decreases. In addition, this hybridization gives rise to a small electron band near (π, π) in the first BZ. However, the similar small pocket outside the first BZ is proved to be holelike. This gives a natural explanation of the observation of quantum oscillation measurements. A simple folding picture cannot describe the significant change in the electronic structure in the SDW state. The experiment by more bulk sensitive ARPES with 10 eV light provides evidence that the band splitting is not due to any surface effect, such as a surface reconstruction. The undetectable change in electronic structure across T N suggests the weak electronic coupling between Eu sublattice and FeAs sublattice.
During the preparation of this paper, we noticed that another ARPES study of EuFe 2 As 2 has been posted online. 38 Most experimental results of both papers are consistent with each other, although the determined Fermi surfaces are not exactly the same, probably due to different k z s.
